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Abstract:  

FOXP3+ Regulatory T cells (Tregs) play a critical role in mediating tolerance to self-antigens and 

can repress antitumor immunity through multiple mechanisms. Therefore, targeted depletion 

of tumor resident Tregs is warranted to promote effective antitumor immunity while preserving 

peripheral homeostasis. Here we propose the chemokine receptor CCR8 as one such optimal 

tumor Treg target. CCR8 was expressed by Tregs in both murine and human tumors, and unlike 

CCR4, a Treg depletion target in the clinic, CCR8 was selectively expressed on suppressive tumor 

Tregs and minimally expressed on proinflammatory effector T cells (Teffs). Preclinical mouse 

tumor modeling showed that depletion of CCR8+ Tregs through an FcyR engaging anti-CCR8 

antibody, but not blockade, enabled dose-dependent, effective, and long-lasting antitumor 

immunity that synergized with PD-1 blockade. This depletion was tumor Treg-restricted, sparing 

CCR8+ T cells in the spleen, thymus, and skin of mice. Importantly, Fc-optimized, non-

fucosylated (nf) anti-human CCR8 antibodies specifically depleted Tregs and not Teffs in ex vivo 

tumor cultures from primary human specimens. These findings suggest that anti-CCR8-nf 

antibodies may deliver optimal tumor-targeted Treg depletion in the clinic, providing long term 

antitumor memory responses while limiting peripheral toxicities. 

 

Significance:  

Findings show that selective depletion of regulatory T cells with an anti-CCR8 antibody can 

improve antitumor immune responses as a monotherapy or in combination with other 

immunotherapies. 
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Introduction 
 
Tregs are a subset of CD4+ T cells that are critical mediators of immunological self-tolerance. 

Deficiency of genes involved in Treg development and function result in systemic autoimmunity 

in both mice (1–3) and humans (4,5), revealing a critical non-redundant role for Tregs in 

maintaining immune homeostasis. Mechanisms utilized by Tregs to promote self-tolerance may 

be co-opted in the tumor microenvironment to suppress the antitumor immune response. 

Indeed, Treg abundance in human tumors correlates with poor clinical prognosis (6), and 

systemic depletion of Tregs in mice is sufficient to enable immune-mediated tumor regression 

(7). 

Clinical attempts to specifically target or deplete Tregs from the tumor microenvironment 

have been unsuccessful. Diphtheria toxin fused to IL-2 (denileukin diftitox) failed to effectively 

reduce Tregs numbers in melanoma patients (8), and despite documented anti-CTLA-4 mediated 

Treg depletion in mouse tumor models (9,10), frank evidence for Treg depletion by ipilimumab or 

tremelimumab (anti-human CTLA-4 antibodies) in human cancer is unclear (11). Treg depletion 

was achieved with the non-fucosylated anti-CCR4 antibody mogamulizumab, but significant 

depletion of conventional CD4+ T cells and modest reductions in CD8+ T cell numbers were also 

observed (12),  limiting its utility in the treatment of solid tumors. Thus, there remains a need 

for a safe and effective Treg depleting agent that also spares Teffs for optimal antitumor 

responses.  

CCR8 is a chemokine receptor that has recently been identified as a potential specific marker 

for tumor-infiltrating Tregs (13,14), and as a core member of the IRF4-dependent ‘effector’ Treg 

gene program (15). In this study, we confirm that CCR8 expression is highly restricted to tumor 
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Tregs from diverse tumor types. We further demonstrate that anti-CCR8-mediated Treg depletion 

in mouse tumor models requires Fc engagement and enables potent antitumor responses as 

both monotherapy or in combination with anti-PD-1. Finally, we report the development of 

non-fucosylated anti-human CCR8 antibodies capable of mediating tumor-specific Treg depletion 

in ex vivo human tumor culture systems. 
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Materials and Methods 

Tissue processing 

Human tumor dissociation. Tumor samples were minced with dissecting lab scissors and further 

enzymatically dissociated (Human Tumor Dissociation Kit, Miltenyi Biotec) according to the 

manufacturer’s protocol. In some cases, a Dounce homogenizer was used for tumor 

dissociation. Cell suspensions were filtered through a 70 µm cell strainer. 

 

Human Treg isolation and stimulation. PBMCs were isolated from a leukopak (AllCells) using a 

ficoll density gradient (GE Healthcare). CD25+ cells were magnetically enriched using anti-CD25 

MicroBeads II (Miltenyi Biotec). Enriched cells were stained for CD25 (4E3, Miltenyi Biotec), 

CD127 (A019D5, BioLegend), CD45RA (HI100, BioLegend), and CD4 (SK3, BD Biosciences). CD4+ 

CD127low CD25high CD45RA+ Tregs were sorted on a BD FACSAria II. Isolated naïve Tregs were 

expanded using Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientific) (3 beads to 

1 Treg) in RPMI with 10% FBS. After three days, IL-2 (PeproTech) was added at 300 U/mL. Tregs 

were expanded and cryopreserved. Thawed Tregs were restimulated using CD3/CD28 Dynabeads 

(1 bead to 1 Treg) in RPMI with 10% FBS and 100 U/mL of IL-2.  

 

Human skin processing. Skin biopsies from normal female abdominal human skin, age 43, was 

digested overnight in a MACS C tube (Miltenyi Biotec) using whole skin dissociation kit (Miltenyi 

Biotec) without enzyme P. Cell suspensions were washed, filtered, and stained. 
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Mouse tissue processing. Tumors were minced and then enzymatically digested for 30 minutes 

at 37°C using 250 U/mL Collagenase IV (Worthington Biochemical) and DNase I 

(MilliporeSigma). Shaved skin was minced and then enzymatically digested for 60 minutes at 

37°C with 500 µg/mL Collagenase XI (MilliporeSigma), 500 µg/mL Hyaluronidase 

(MilliporeSigma), and 100 µg/mL DNase I. Spleen and thymus were dissociated mechanically 

using a gentleMACS dissociator (Miltenyi Biotec). RBCs were lysed with ammonium-chloride-

potassium solution (Thermo Fisher Scientific) for 5 minutes.  

 

Ex vivo human tumor studies 

Tumor explant culture. 300µm slices of agar-encased fresh clear cell renal cell and gastric 

tumors were created using a compresstome (Precisionary Instruments). Tissue slices were 

cultured between collagen hemostats (Becton Dickinson) in a 6-well tissue culture plates 

containing culture media [RPMI 1640 with 10% FBS, 1 mM sodium pyruvate (Corning) and 55 

nM 2-Mercaptoethanol (Thermo Fisher Scientific)]. Slice cultures were incubated at 37°C on a 

plate shaker. After 24 hours, slice culture wells were treated with 10 µg/mL of treatment 

antibodies for 3 days.  

 

Allogeneic NK killing tumor. NK cells were isolated from fresh healthy donor PBMCs (Human NK 

Cell Isolation Kit, Miltenyi Biotec) and cultured for 24 hours at 1x106/mL in Myelocult H5100 

media (StemCell) with 1 µM hydrocortisone (StemCell) and 500 U/mL IL-2 (Peprotech). Thawed 

dissociated tumor cells were co-cultured in a 1:1 ratio with activated allogeneic NK cells for 24 

hours with treatment antibodies. 
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Stimulation of tumor lymphocytes. Dissociated tumor cell suspensions were rested overnight in 

RPMI with 10% FBS. Cells were cultured (4 hours, 37°C) with brefeldin A and monensin (Thermo 

Fisher Scientific) with or without phorbol myristate acetate (PMA) and ionomycin and stained.  

 

In vitro assays 

CD16 crosslinking assay. Activated human Tregs and CD16-expressing Jurkat NFAT luciferase 

reporter cells were co-cultured at a 1:5 ratio. Mouse CCR8-expressing Chinese Hamster ovary 

(CHO) and mFcgRIV reporter cells (Promega) were co-cultured at a 1:5 ratio. Co-cultures were 

incubated at 37°C for four hours in with treatment antibodies. Bio-Glo (Promega) was added for 

luciferase activity measurement. 

 

CCL1 blockade. Human or mouse CCR8-CHO cells were seeded and incubated for two hours at 

37°C with FLIPR Calcium 6 dye (Molecular Devices) and probenecid (Thermo Fisher Scientific). 

After incubation, antibodies were added at room temperature for 15 minutes. 10 nM of 

recombinant human or mouse CCL1 (R&D Systems) was added to samples through a FLIPR 

Tetra system (Molecular Devices) for calcium flux fluorescent signal measurement.  

 

PBMC depletion assays. 2.0x105 PBMCs were incubated for 48 hours at 37°C in culture media 

and 100 U/mL IL-2 (Peprotech) in a U-bottom 96-well plate (Corning). After two days, 

antibodies were added and cells were further incubated for 96 hours, followed by flow 

cytometric analysis. 
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Mouse studies 

Mice and in vivo models. Syngeneic MC38, CT26, MB49 and 4T1 tumors were used in the 

present study. MC38:  106 MC38 cells were subcutaneously implanted into 15-week-old female 

FOXP3_IRES-EGFP (C57BL/6 mice) mice (Jackson Laboratory).  Mice were treated (I.P.) on days 

7, 10 and 14 post-implantation. Tissues were harvested on day 15 post implantation. CT26: 

Fifteen-week-old female BALB/C mice (Jackson Laboratory) were implanted subcutaneously 

with 106 CT26 cells/mouse and were treated (I.P., 0.2mg/mouse) on days 7, 10 and 14 post-

implantation (for tumor measurements). Thymic, skin, tumor and spleen Treg depletion was 

investigated in a separate study with dosing (0.2mg/mouse) on D7 and 14 with tissue collection 

on day 15 for analysis.  MB49:  Fifteen-week-old male FOXP3_IRES-EGFP (C57) mice were 

subcutaneously implanted with 2.0x105 MB49 cells and treated (I.P.) on days 10, 13, and 18 

post implantation.  Tissues were harvested on day 17 post implantation.  4T1:  Fifteen-week-old 

female BALB/C mice (Envigo) were subcutaneously implanted with 106 4T1 cells and were 

treated (I.P.) at day 7, 10 and 14 post-implantation.  All antibody treatments were performed at 

0.2mg/mouse. Tumors were measured twice weekly for all studies.   

 

Bone marrow chimera. All female mice were obtained from Jackson Laboratory. Recipient mice 

(WT-CD45.2-Thy1.1) receive two doses of 4.5 Gy three hours apart, followed by intravenous 

delivery of congenic CCR8+/+ (WT-CD45.1-Thy1.2) and CCR8-/- (CCR8KO/B6N-CD45.2) bone 

marrow. Mice were maintained on antibiotic water and monitored for 8 weeks and bled at 8 

weeks post-transplant to assess donor cell reconstitution. 106 MC38 cells were then implanted 
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subcutaneously. Tumors, whole blood, lymph nodes, and splenocytes were harvested after 12 

days for immune-monitoring. 

 

Listeria memory recall. BALB/c mice were subcutaneously injected with 106 CT26 tumor cells 

and randomized when tumors reached 100-120 mm3. Mice were treated retro-orbitally with 

treatment antibodies on days 1, 4, and 8 after staging at 200 µg per dose. On day 9, tumors 

were harvested. On day 11, the tumors were surgically resected. After three months, mice were 

bled to quantify AH-1 specific CD8+ T cells. Mice were challenged with 107 CFU recombinant 

Listeria monocytogenes expressing the AH-1 peptide (LM-AH1A5) intravenously. Listeria were 

cultured in sterile Brain Heart Infusion Broth, Modified (Teknova Inc.) overnight to achieve 

stationary phase culture of 109 CFU/mL and then diluted with Hank’s Balanced Salt solution 

(HBSS) to make 108 CFU/mL for immunization. Five days post challenge, spleen and blood were 

harvested and processed for flow cytometry. 

 

Treatment antibodies 

Anti-human antibodies. A fully human IgG1 anti-human CCR8 antibody, clone 25B3 (referred to 

as CCR8.1 in the text), was generated by immunizing human Ig transgenic mice. Mouse IgG2b 

anti-human CCR8 antibody, clone 9G10 (referred to as CCR8.2 in the text) was generated by 

immunizing C57/BL6 mice. Anti-human antibodies were produced recombinantly as hIgG1 

isotypes using the Expi293 expression system (Thermo Fisher Scientific).  Non-fucosylated 

(hIgG1-nf) antibodies were expressed in Expi293 Fut8-/- cells. 
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Anti-mouse antibodies. Anti-mouse CCR8 clone SA214G2 (BioLegend) was cloned into two 

different pTT5 vectors, containing either mIgG2a or mIgG1-D265A, and expressed using the 

Expi293 expression system. Anti-mouse PD-1 (clone 4H2) and anti-mouse CTLA-4 (clone 9D9) 

were generated as previously been described (9,16) and were expressed in CHO cells.  

 

Flow cytometry Cell suspensions were stained with amine reactive viability dyes. Human cells 

were then blocked with rat (Sigma), mouse (SouthernBiotech), and human A/B serum 

(GemCell), Human TruStain FcX (BioLegend), and True-Stain Monocyte Blocker (BioLegend). 

Mouse cells were blocked with FcR blocking reagent (Miltenyi Biotec). Cells were surface 

stained, and intracellular staining was performed using the FOXP3 Transcription Factor Staining 

Buffer Set (Thermo Fisher Scientific) using manufacturer’s protocols. For binding of 

unconjugated monoclonal antibodies, an appropriate secondary (Jackson ImmunoResearch 

Laboratories) was used. Samples were acquired using a BD LSRFortessa X-20 and analyzed using 

FlowJo (BD Biosciences). The complete list of flow cytometry antibodies can be found in 

Supplementary Table 1. 

 

Single cell RNA-seq analysis 

Single cell RNA-seq data was obtained from a publicly available dataset (GSE99254)(17). CD4 

tumor-specific T cells were defined as published. The gene list was selected using genes present 

in the normalized dataset to maintain only relevant genes. TPM values were normalized 

through the R package Seurat version 3.0 (18). A left truncated mixture Gaussian model was 
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used to define FOXP3 and CCR8 positivity (19). Differential expression was performed using a 

Wilcoxon rank sum test.  

 

Statistics 

GraphPad Prism Version 8 was used for all statistical analyses. Data are represented as mean 

values ± SD unless otherwise indicated. ANOVA was used for group comparisons, using a Dunn's 

post-hoc multiple comparison test. Two-way ANOVA with Bonferroni multiple comparison test 

was used when indicated. Mann-Whitney test was used when indicated. P-values of less than 

0.05 were considered significant for all statistical tests. 

 

Study approval  

Human tumor, skin, spleen, patient blood, and healthy blood leukopack samples were collected 

through commercial providers (BioIVT, MT Group, Avaden, BioOptions, Discovery Life Sciences, 

AllCells) or the Cooperative Human Tissue Network (CHTN). All samples were collected from 

donors giving written informed consent at IRB approved study locations in the United States. 

Blood from healthy donors was obtained from a blood donation program administered by the 

Bristol Myers Squibb (BMS) Occupational Health department in compliance with all relevant 

ethical regulations. All animal experiments complied with institutional guidelines and were 

approved by the IACUC at Bristol Myers Squibb under protocol 1612-01. 
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Results 

CCR8 marks suppressive FOXP3+ cells with low proinflammatory potential in human tumors. We 

first sought to compare expression profiles of several Treg associated molecules. CCR8 was 

highly expressed on FOXP3+ Tregs isolated from solid tumor surgical resections and significantly 

lower on Tregs from patient-matched blood. In contrast, CCR4, CTLA-4, and CD25 were 

expressed at similar frequencies by Tregs from tumor and blood (Figure 1A). The per-cell 

abundance of CCR8 on FOXP3+ Tregs was higher on tumor Tregs compared to peripheral blood 

Tregs (Figure 1B), whereas CCR4 expression was lower in the tumor compared to peripheral 

blood Tregs. On CD4+FOXP3- conventional T cells (CD4+ Tconv), CCR8 was less frequently expressed 

than CCR4 and CD25 in both tumor and peripheral blood (Figure 1, C and D). Blood and tumor-

infiltrating CD8+ T cells showed marginal expression of all four molecules, with the exception of 

CD25 in the blood (Figure 1, E and F). These data suggest that CCR8 represents a potential 

highly selective therapeutic target with a relatively lower risk of compromising antitumor Teff 

cell populations. 

We next examined the expression of functionally relevant molecules in CCR8+ versus 

CCR8- tumor-infiltrating T cell populations (Figure 2). Stimulation of dissociated patient tumor 

cells ex vivo with phorbol 12-myristate 13-acetate (PMA) and ionomycin induced minimal IFN, 

IL-2, and granzyme B production in the CCR8+ fraction of CD4+ T cells (Figure 2A). In contrast, 

CCR4+CD4+ T cells were major producers of IFNand IL-2 (Figure 2B), suggesting that targeted 

depletion of CCR4, but not CCR8-expressing cells may be detrimental to antitumor immunity.  

In addition to FOXP3, CCR8+ cells from patient tumor samples co-expressed several 

proteins with potential immunosuppressive functions such as CD25, CD39, and IL1R2 (Figure 
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2C). CD39 is an ectoenzyme involved in a pathway that converts extracellular ATP into 

immunosuppressive adenosine (20), while CD25 and IL-1R2 potentially act as sinks for 

proinflammatory cytokines IL-2 (21) and IL-1/ (22), respectively. Co-expression of these 

molecules with CCR4 was less profound (Figure 2D), suggesting that depletion of CCR8+ Tregs as 

opposed to anti-CCR4 would more effectively reduce the abundance of these 

immunosuppressive molecules in the tumor microenvironment.  

Our observations revealed that not all CD4+FOXP3+ T cells in the tumor express CCR8. 

We hypothesized that the CCR8+ fraction represents the more immunosuppressive subset of 

FOXP3+ cells. Indeed, CCR8+FOXP3+ cells express higher levels of FOXP3 and CD25 (Figure 2E). In 

contrast, the CCR8- fraction from FOXP3+ lung tumor-infiltrating lymphocytes produce more 

IFN (Supplemental Figure 1A). A greater proportion of CCR8+ cells also expressed HLADR, 

suggestive of an increased activation status (Supplemental Figure 1B). Finally, differential 

expression analysis of FOXP3+ cells from published lung tumor single cell RNA-seq data (17) 

identified enriched expression of Treg associated genes in the CCR8+ fraction (e.g., IKZF2, CTLA4, 

and LAYN). In contrast, the CCR8- fraction was enriched for effector T cell associated genes (e.g., 

GZMA, CD40LG) and naïve T cell genes (e.g., CCR7), reflecting a heterogeneous mixture of naïve 

Tregs and activated memory Teffs (Figure 2F, Supplemental Figure 2, A and B). Thus, CCR8 

expression marks a subset of highly suppressive Tregs that are enriched in the tumor and may 

hinder antitumor immunity.  

 

Anti-CCR8 requires an Fc engaging isoform for antitumor efficacy. To interrogate the role of 

CCR8 in vivo, we re-engineered an anti-mouse CCR8 antibody (clone SA214G2) into Fc-engaging 
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(IgG2a) and non-Fc engaging or inert (IgG1-D265A) isoforms. The mouse IgG2a isotype strongly 

engages Fc receptors to promote antibody-dependent cellular cytotoxicity (ADCC) and 

antibody-mediated cellular phagocytosis (ADCP), while mouse IgG1-D265A version does not 

(23,24). Indeed, despite similar binding characteristics (Supplemental Figure 3A), anti-mCCR8-

IgG2a effectively cross-linked FcRIV in the presence of CCR8-expressing target cells, while anti-

mCCR8-IgG1-D265A isoform did not (Supplemental Figure 3B). We also verified that anti-

mCCR8 antibodies blocked CCL1 binding (Supplemental Figure 3C). 

To determine the relative contribution of CCR8 blockade versus antibody-mediated Treg 

cell depletion in antitumor immunity, we treated MC38 tumor-bearing mice with either anti-

mCCR8-IgG2a or anti-mCCR8-IgG1-D265A (Figure 3A). Treatment with anti-mCCR8-IgG2a 

induced significant tumor regression, whereas anti-CCR8-mIgG1-D265A treatment had no 

discernable effect on tumor growth. Importantly, the frequency of Tregs in tumors was reduced 

by 75% following treatment with anti-mCCR8-IgG2a (Figure 3B). As an orthogonal approach, we 

conducted mixed bone marrow chimeras with congenic Ccr8+/+ and Ccr8-/- donor bone marrow 

to determine whether CCR8 promotes chemotactic migration of Tregs into developing tumors. 

Following an 8-week reconstitution phase, we observed equivalent donor immune cell 

reconstitution in the blood (Supplemental Figure 4). Recipient mice were then subcutaneously 

implanted with MC38 tumors. Ccr8-deficient FOXP3+ cells accumulated in tumors similarly to 

their wild-type counterparts (Figure 3C), confirming that FOXP3+ Treg migration into tumors is 

CCR8-independent.   
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Anti-CCR8 mediated depletion is not observed in non-tumor tissues. Besides FOXP3+ Tregs in 

tumors and in blood, CCR8 is also expressed in a small subset of lymphocytes in the thymus 

(25), skin (26), and spleen of mice and humans (Supplemental Figure 5, A and B). To investigate 

the potential effects of anti-CCR8 treatment on the peripheral immune system, we profiled 

CCR8 expression of major immune cell subsets in these sites (Figure 4, A-C). In CT26 tumor-

bearing mice, CCR8 expression was highly enriched in tumor Tregs, with minimal expression on 

CD4 conv and CD8+ T cells in the spleen and blood (Figure 4, A and B). CCR8 expression was also 

observed in a fraction of mature  CD4+ and CD8+ T cells in the skin and in CD4 single positive 

thymocytes (Figure 4, B and C). Treatment of CT26 tumor-bearing mice with anti-mCCR8-IgG2a 

resulted in potent antitumor efficacy (Figure 4D) and increased CD8+ T cell infiltration (Figure 

4E).  Importantly, Treg depletion was exclusively observed in the tumor but not in blood, spleen, 

or skin (Figure 4F). Total T cell frequency in the skin or frequency of CD4 single positive 

thymocytes were also unaltered (Figure 4, G and H), consistent with prior work demonstrating 

that thymocytes and tissue-resident memory T cells are refractory to antibody-mediated killing 

(27–29). As depletion is dependent on the presence of FcR bearing cells, we assessed tissue-

level expression of CD16 (FCGR3A), the human homolog of FcRIV (30), and observed enriched 

expression in tumors compared to normal tissues, and minimal expression in normal skin 

(Supplemental Figure 6). 

 

Treg depletion via anti-CCR8 enhances memory potential of tumor-specific CD8+ T cells. We next 

measured the effect of Treg depletion on the generation of long-lived memory CD8+ T cells 

recognizing the tumor antigen, AH1 (31). Mice implanted with CT26 tumors were treated with 
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anti-mCCR8-IgG2a, anti-mCTLA-4 IgG2a, or an IgG2a isotype control. As expected, anti-mCTLA-

4-IgG2a and anti-mCCR8-IgG2a induced potent antitumor responses and Treg depletion (Figure 

5, A and B). One day after the last treatment, the frequency of AH1 tetramer+ cells from 

resected tumors was trending higher in mice treated with either anti-mCTLA-4-IgG2a or anti-

mCCR8-IgG2a relative to control treated mice (Figure 5C), and AH1 tetramer+ cells remained 

elevated in the blood and spleen three months after resection (Figure 5D). Mice were then re-

challenged with a Listeria monocytogenes strain expressing AH1 (LM-AH1A5) to assess AH-1 

specific memory recall responses. Mice initially treated with either anti-mCTLA-4-IgG2a or anti-

mCCR8-IgG2a mounted larger recall expansions of AH-1 tetramer+ effector memory cells 

compared to control mice (Figure 5E). Anti-CCR8 treated mice also had a significantly larger 

magnitude of IFN+ and polyfunctional IFN+TNFα+ CD8+ T cells in the spleen after AH1A5 

peptide stimulation (Figure 5F), demonstrating that treatment of tumor-bearing mice with anti-

mCCR8-IgG2a results in a boost in the frequency of tumor antigen-specific CD8+ T cells with 

heightened effector functions. 

 

Anti-CCR8 synergizes with anti-PD-1 to enable antitumor immunity. PD-1 blocking therapy has 

been demonstrated to improve immune responses in chronic infections and cancers (32). Using 

tumor models that are less responsive to anti-mouse PD-1 monotherapy, we found that the 

combination of anti-mCCR8-IgG2a with anti-PD-1 strongly reduced MB49 tumor growth rates 

(Figure 6A). Similar antitumor efficacy was obtained in mice with 4T1 tumors (Supplemental 

Figure 7). Consistent with results in MC38 (Figure 3A) and CT26 (Figure 4D) tumors, anti-
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mCCR8-IgG2a treatment alone or in combination with anti-PD-1 markedly decreased tumor Treg 

frequency (Figure 6B) and concurrently increased CD8+ T cell frequency (Figure 6C).   

 

Anti-human CCR8 antibodies deplete FOXP3+ Tregs from tumor explants. To determine if anti-

CCR8 antibodies can mediate depletion in patient tumors, we generated several antibodies 

against human CCR8 and cloned them with the following human heavy chain variants: 1) hIgG1, 

2) non-fucosylated IgG1 (IgG1-nf), which exhibit significantly higher FcR binding affinity than 

IgG1 and can outcompete endogenous IgG for binding to CD16 for ADCC/ADCP (33), and 3) 

IgG1-L234A-L235E-G237A (hIgG1-inert), which minimally engages FcRs (34). Anti-human CCR8 

clones CCR8.1 and CCR8.2 as IgG1-nf antibodies bound to in vitro activated human FOXP3+ Tregs, 

blocked CCL1 binding, and cross-linked CD16 upon binding to CCR8 on activated Tregs 

(Supplemental Figure 8, A-C). Anti-CCR8.1-IgG1 was also capable of cross-linking CD16 albeit at 

a lesser potency than the IgG1-nf counterpart (Supplemental Figure 8D), whereas anti-CCR8.1-

IgG1-inert was entirely unable to mediate CD16 cross-linking (Supplemental Figure 8E).  

We subsequently determined the capacity of anti-human CCR8-IgG1-nf antibodies to 

deplete FOXP3+ Tregs from peripheral blood and primary human tumor specimens (Figure 7). 

Although anti-CCR8.2-IgG1-nf depleted a subset of peripheral blood Tregs (<50%), a non-

fucosylated anti-human CCR4 antibody (anti-hCCR4-IgG1-nf, mogamulizumab biosimilar) 

removed >90% of these cells as well as approximately half of peripheral CD4+ Tconv (Figure 7A).  

Neither antibody affected the CD8+ T cell population. To test for anti-CCR8-mediated depletion 

in ex vivo tumor samples, cell suspensions of Non-small cell lung carcinoma (NSCLC) surgical 

resections were cultured with activated allogeneic NK cells from healthy donor blood. Addition 
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of anti-CCR8.2-IgG1-nf resulted in a striking decrease in the frequency of FOXP3+ Tregs without 

any effect on overall CD4+ Tconv or CD8+ T cell frequencies (Figure 7B). In contrast, anti-hCCR4-

IgG1-nf depleted Tregs in addition to about 30% of CD4+ Tconv. No Treg depletion was observed 

after treatment with anti-CCR8.1-IgG1-inert (Figure 7C). Finally, we tested whether anti-CCR8.1-

IgG1-nf was capable of depleting Tregs ex vivo in the absence of allogeneic NK cells. Indeed, live 

300 µm sections of both renal cell and gastric tumors treated with anti-CCR8.1-IgG1-nf 

exhibited a nearly 50% reduction in the frequency of Treg cells, confirming that endogenous 

tumor-resident FcR+ cells are sufficient to mediate ADCC/ADCP against CCR8+ target cells in 

situ (Figure 7D). 
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Discussion 

In this study, we demonstrated that CCR8 is an optimal target for tumor-specific Treg depletion 

due to its unique expression pattern that is highly restricted to the most activated and 

suppressive intratumoral Tregs. Furthermore, we show that an engineered non-fucosylated anti-

CCR8 antibodies can deplete human tumor Tregs in vitro while sparing proinflammatory CD4+ 

and CD8+ Teff cells. In comparison, anti-hCCR4-IgG1-nf treatment in vitro led to depletion of 

both Tregs and CD4+ Tconv in the periphery and in the tumor microenvironment. This is consistent 

with evidence that mogamulizumab (anti-CCR4) depletes Teff populations in peripheral blood in 

the clinic (12).   

Anti-human CCR8-IgG1-nf antibody treatment of activated PBMCs depleted a subset of 

peripheral blood Tregs, but importantly did not deplete Teff cells. In breast cancer patients, TCR 

sequencing revealed a significant clonal overlap between peripheral blood CCR8+ Tregs and 

tumor Tregs (35), suggesting either 1) Treg clones from the periphery migrate into the tumor and 

expand and enact Treg suppression, or that 2) activated Tregs from the tumor microenvironment 

expand into the periphery. Both scenarios could concurrently occur and lead to infiltration by 

circulating CCR8+ Tregs into tumor metastatic sites to mediate immune suppression. Regardless 

of the mechanism, these results suggest that the wholesale depletion of CCR8+ Tregs may serve 

as a method of systemically removing tumor specific Tregs
 in the periphery or tumors. 

To achieve optimal CCR8-mediated tumor Treg depletion, antibody isotype selection is 

critical. ADCC/ADCP in mice has been demonstrated to be primarily driven by interaction of 

antibody with FcRIV+ cells (24), which are abundant in murine tumors (10). Treatment with 

anti-mCCR8-IgG2a led to potent tumor regression while anti-mCCR8 IgG1-D625A had minimal 
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effects. The relative frequency of FcRIV-expressing cells in proximity to antibody-bound target 

cells likely explains the highly specific depleting activity of anti-mCCR8-IgG2a in the tumor but 

not in the skin or thymus. For this reason, we predict that an antibody against CCR8 with 

optimized affinity for activating FcRs, such as IgG1-nf, will enable potent tumor Treg depletion 

without inadvertent depletion of CCR8+ T cells in the skin where CD16 expression is low.  

With the advent of immunotherapy, the potential contribution of Treg suppression as an 

obstacle to optimal antitumor immune responses cannot be overlooked. Many of the molecules 

targeted by cancer immunotherapies are also up-regulated on Tregs, such as PD-1, CTLA-4, LAG3, 

TIM3, and TIGIT (36). Consequently, these T cell-based immunotherapies have the potential to 

augment Treg responses as well. For example, PD-1 blockade may enhance Treg suppression and 

increase Treg proliferation (37), and there is evidence of Treg expansion following anti-CTLA-4 

therapies in the clinic (38). Therefore, a Treg depleting agent would not only improve antitumor 

responses as monotherapy, but also enhance the activities of other immunotherapies. 

In mouse tumor models, we observed significant combinatorial antitumor activity in 

mice treated with both anti-mCCR8-IgG2a and anti-PD-1. Despite similar increases in CD8 T cell 

frequency in the CCR8-monotherapy and combination groups, anti-PD-1 may be required for 

enhancing effector functionality. Our studies also revealed that anti-CCR8 treatment resulted in 

long-lasting, antigen specific CD8+ T cell memory. These findings have important clinical 

implications for the treatment of advanced cancers, which often develop resistance to anti-PD-

1/PD-L1 therapies (39) and present with high rates of recurrence (40). Overall, these studies 

highlight the specificity and targetability of CCR8 on tumor Tregs and support the evaluation of 
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anti-CCR8 depleting antibodies in the treatment of advanced solid tumors as monotherapy or in 

combination with anti-PD-1 and other immunotherapies.  
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Figure Legends 

Figure 1: CCR8 expression enriched on tumor Tregs compared to other Treg targeted molecules 
Flow cytometry analysis of CCR8, CCR4, CTLA-4 and CD25 positive frequencies in (A) Tregs from 
tumor and blood of cancer patients (colorectal, kidney, lung, and melanoma) (n=8-18). (B) 
Relative expression levels (MFI) of Treg targets on CD4+FOXP3+ Tregs from the blood (n=6-10) and 
tumor (n=7-20) of cancer patients. Treg target frequencies on CD4 Tconv from tumors (C) and 
blood (D), and CD8 T cells from tumor (E) and blood (F) derived from tumors (n=7-17) and 
peripheral blood samples (n=5-13) of cancer patients. Not all markers were analyzed for all 
patients, and not all patients have matching blood samples. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. Two-way ANOVA followed by Bonferroni's multiple comparisons test (A-B). One-
way ANOVA Kruskal-Wallis test followed by Dunn’s multiple comparisons (C-F).  
 
Figure 2:  CCR8+ versus CCR4+ T cells enrich for different T cell subpopulations 
Intracellular cytokine staining analysis of pro-inflammatory cytokine production in tumor CD4+ T 
cells after 4h treatment with PMA/Ionomycin subdivided into CCR8+/CCR8- (A) or CCR4+/CCR4- 
(B) populations. Expression of Treg associated markers in unstimulated tumor CD4+ T cells 
subdivided into CCR8+/CCR8- (C) or CCR4+/CCR4- (D) populations. (E) Relative CD25 (n=9) and 
FOXP3 expression (n=21) in CCR8+ and CCR8- Tregs. (F) Genome-wide correlation analysis of CCR8 
in FOXP3+ Tregs from GSE72056. Data for (A-D) was derived from ex vivo cultures of 5 dissociated 
patient lung tumors, one endometrial tumor and one RCC tumor. Endometrial tumor data did 
not include CCR4 or granzyme B staining. IL-2 staining was not completed for one lung patient. 
Data for CD25 MFI in (E) was derived from 5 lung, 1 renal, 1 breast, 1 head and neck, and 1 
endometrial cancers.  Data for FOXP3 MFI from (E) was derived from 17 lung, 2 head and neck, 
one gastrointestinal stromal, and one gastric tumors. ns, not significant; *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. Mann-Whitney test (A-D) Wilcoxon matched-pairs signed rank test 
(E). 
 
Figure 3:  Fc receptor engagement is required for anti-mouse CCR8 antibody activity in MC38 
tumor model 
Mean and individual growth curves of MC38 tumors implanted in C57BL/6 mice treated with 
anti-mCCR8-IgG2a (n=10), anti-mCCR8-IgG1-D265A (n=10) or IgG2a isotype control (n=10) on 
days 7, 10 and 14 post tumor implantation at 0.2mg/mouse/treatment. (B) MC38 tumors were 
harvested on day 15 post implantation and Treg depletion was assessed by flow cytometry (n=5 
per group). (C) Proportions of Ccr8+/+ and Ccr8-/- donor-derived Tregs in MC38 tumors and 
peripheral tissues at 13 days post MC38 tumor implantation. **P<0.01. One-way ANOVA 
Kruskal-Wallis test with Dunn’s multiple comparisons (B). Two-way ANOVA followed by 
Bonferroni's multiple comparisons test (C). 
 
Figure 4:  Anti-CCR8 mediated depletion is not observed in non-tumor tissues 
(A) Representative flow cytometry plots showing CCR8 expression in CD4+ T cells in the blood, 
spleen, skin, tumor and thymus in CT26-bearing BALB/C mice. Summarized CCR8 expressions in 
CD4+ Tconv, Treg, and CD8+ T cells are shown (B). (C) Summarized flow cytometry CCR8 expression 
in thymocytes (DN=CD4-CD8-, CD4 SP=CD4+CD8-, CD8 SP=CD4-CD8+, DP=CD4+CD8+). (D) Growth 
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curves of CT26 tumors treated with anti-mCCR8-IgG2a, anti-mCCR8-IgG1-D265A, or IgG2a 
isotype control (n=15 per group) at 0.2mg/mouse/treatment weekly for 6 weeks. Tissues were 
collected on day 15 for analysis.  (E) CD8 T cell frequencies in tumors post anti-mCCR8-IgG2a 
(n=5) or isotype (n=3) treatments. (F) Frequency of Tregs in spleen, blood, tumor and skin of 
CT26-bearing mice treated with anti-mCCR8-IgG2a (n=5) or isotype control (n=3). (G) Skin CD4+ 
Tconv and CD8+ T cell frequencies (Isotype IgG2a, n=3; anti-mCCR8-IgG2a, n=5) in mice treated 
with anti-mCCR8-IgG2a or isotype control. (H) Thymocyte subset distribution post anti-CCR8 
treatment (n=5 for anti-mCCR8-IgG2a treatment and n=3 for the isotype control treated group). 
*P<0.05, **P<0.01. Mann Whitney test (E). Two-way ANOVA with Bonferroni's multiple 
comparisons test (F-H). 
 
Figure 5: Anti-mCCR8-IgG2a induces productive memory responses in a heterologous re-
challenge model  
Mice implanted with CT26 tumors were randomized once tumors reached 100-120mm.  (A) 
Growth curves and Treg depletion in CT26 tumors treated with anti-mCCR8-IgG2a (n=8), anti-
CTLA4-IgG2a (n=8) or IgG2a isotype control (n=8) on 1, 4, and 8 days after randomization at 0.2 
mg/mouse/treatment. 6 tumors from each group were analyzed by flow cytometry to assess 
Treg depletion (B) and frequency of AH1-Tetramer+ CD8+ T cells (C) on day 9 post randomization. 
(D) Frequency of AH1-Tetramer+ CD8+ T cells in the blood 92 days after treatment. (E) 
Frequency of AH1-Tetramer+ CD8+ effector memory T cells (TEM) in the blood 5 days after 
challenge with LM-AH1A5. (F) Intracellular cytokine staining analysis of splenocytes stimulated 
with AH1A5 peptide for 5 hours. ns, not significant; *P<0.05, **P<0.01. One-way ANOVA 
Kruskal-Wallis test with Dunn’s multiple comparison’s (B-F). 
 
Figure 6: Anti-CCR8 combines effectively with anti-PD-1 in IO-resistant tumor model 
(A) Mean and individual growth curves of MB49 tumors treated with isotype control, anti-
mCCR8-IgG2a, anti-PD-1-D265A antibodies or the combination of anti-mCCR8-mIgG2a and anti-
PD-1-D265A antibodies (n= 10 per group) at 0.2mg/mouse/treatment on days 10, 13, and 18 
post implantation. Depletion of Tregs (B) and expansion of CD8+ T cells (C) following treatment 
with anti-mCCR8-IgG2a alone or in combination with anti-PD-1 in MB49 tumors (n=4-5 for each 
group) measured on day 17 post implantation. *P<0.05, **P<0.01. One-way ANOVA Kruskal-
Wallis test with Dunn’s multiple comparisons (B,C). 
 
Figure 7: CCR8+ Treg depletion mediated by anti-hCCR8-hIgG1-nf in ex-vivo models with 
patient tumor samples  
(A) Representative results for the depletion of peripheral blood Treg, CD4+ Tconv

 , and CD8 T cells 
(left to right) via CCR8.2-IgG1-nf or anti-hCCR4-IgG1-nf treatments in vitro. (B) Representative 
plots from NSCLC tumor and allogeneic NK cell killing assays comparing CCR8.2-IgG1-nf, anti-
hCCR4-IgG1-nf, and isotype antibodies. (C) Allogeneic NK and NSCLC tumor co-culture 
comparing CCR8.1-IgG1-nf to anti-hCCR8-inert and an isotype control antibodies. (D) Results 
from ex vivo primary intact tumor sections from renal cell carcinoma and gastric cancer 
cultured for 24 hours in the presence of CCR8.1-IgG1-nf or IgG1-nf isotype control (3-5 technical 
replicates for each condition). *P<0.05, ****P<0.0001. Ordinary one-way ANOVA with Tukey’s 
multiple comparisons test (C). Mann-Whitney test (two-tailed) (C,D). 
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